We determined the activity of neurones within the nucleus of the solitary tract (NTS) following stimulation of the cornea and assessed whether this input affected the processing of baroreceptor and peripheral chemoreceptor inputs. In an in situ, un-anaesthetised decerebrate working heart-brainstem preparation of rat, noxious mechanical or electrical stimulation was applied to the cornea and extracellular single unit recordings made from NTS neurones. Cornea nociceptors stimulation evoked bradycardia and an increase in cycle length of phrenic nerve discharge. Of 90 NTS neurones with ongoing activity, corneal stimulation excited 51 and depressed 39. There was a high degree of convergence to these NTS neurones from either baroreceptors or chemoreceptors. The excitatory synaptic response in 12 of 19 baroreceptive and 10 of 15 chemoreceptive neurones was attenuated significantly during concomitant electrical stimulation of the cornea. This inhibition was GABA A receptor mediated being blocked by pressure ejection of bicuculline. Thus, the NTS integrates information from corneal receptors, some of which converges onto neurones mediating reflexes from baroreceptors and chemoreceptors to inhibit these inputs.
evidence (13;19 ) the dose range of CN used in the present study was relatively selective for stimulating arterial chemoreceptors. Further, in the WHBP the CN evoked chemoreceptor reflex response was abolished by denervating the vagi and carotid sinus nerves (37). The WHBP permits repeated CN stimulation of peripheral chemoreceptors, which give consistent reflex responses and does not cause toxic side effects due to the large circulating volume of 200 ml.
Combined stimulation protocol:
In some experiments we combined electrical stimulation of the cornea with either arterial baroreceptor or peripheral chemoreceptor activation. In both cases electrical stimulation of the cornea (10-40 V, 0.5-1 ms, 0.3-16 Hz) started before and finished after baro-and chemo-receptor stimulation (2-5 s). The total time of cornea stimulation was 5-12 s. The intensity of baro-and chemo-receptor stimulation was as described above.
Extracellular Recording and Drug Ejection
One barrel of a 2 barrelled microelectrode assembly contained sodium chloride (1.5 M) giving a resistance of 15-35 MΩ. Τhe second barrel contained bicuculline methiodide (100 µM). The electrode was driven in 1-3 µm steps using a piezoelectric inchworm stepper motor (Burleigh), which provided positional feedback. Single unit recordings were made between 300 to 700 µm below the dorsal medullary surface at the level of calamus scriptorius. Below 700 µm, respiratory cells were found consistently and this was taken as the ventral extent of the NTS. The second barrel of the microelectrode assembly was connected to a pressure line. Pressure was applied from a pressure source. The latter consisted of a custom built device that permitted precise monitoring and control of the applied pressure to the barrel. Similar to ionophoretic application, the drug volume ejected is unknown and depends on the applied pressure and resistance of the microelectrode. In the present study we used ejection pressures that caused no obvious changes in the signal to noise ratio. Since the WHBP has a well-perfused brainstem, drugs washed out efficiently (2-5 min).
Data Analysis
All data were relayed via a 1401 CED interface to a computer running Spike 2 software (CED) with custom-written scripts for data acquisition and on-and off-line analysis. Baseline HR, PP and PNA cycle length were all measured. The absolute peak value of the reflex response in HR was compared between mechanical and electrical stimulation of a cornea. PNA cycle length was defined as the time interval between the onset of 2 consecutive bursts. This was averaged over at least 3 control cycles and compared with that evoked during stimulation of the cornea. Data expressed include control values and the response (i.e. delta) values.
For single unit neuronal activity, the peak frequency of the firing response evoked by stimulation of peripheral chemoreceptors and baroreceptors was measured. This peak activity was compared with ongoing discharge measured prior to the stimulus over the same duration as the evoked response. Synaptic responses evoked from electrical stimulation of the cornea were measured as the frequency of action potentials that occurred during 900 ms following each single pulse. This was compared with the frequency of ongoing activity during the same length of time immediately prior to the onset of stimulation. An increase in neuronal firing greater than 30% was used as the threshold to indicate excitation following stimulation of the cornea, baro-and chemo-receptors. In contrast, when afferents were stimulated and evoked a reduction in the ongoing activity greater than 30% was considered an inhibitory input. Using a two-tailed Student's t-test applied to the raw data the significance of effects was assessed. Data expressed include control values and the delta value.
All values quoted are the mean ± standard error of mean (s.e.m.) and 'n' is the number of preparations for the systemic results and the number of cells for the single unit recordings. Differences were taken as significant at the 95% confidence limit.
Results

Cardiorespiratory Response Evoked From Corneal Nociceptors
In 10 WHBP baseline HR, PP and PNA cycle length were 300+6 bpm, 84+1.5 mmHg, and 3.14+0.2 s respectively. Mechanical noxious stimulation of the right cornea using a pneumatic prodder evoked a bradycardia and an increase in PNA cycle length of -90+8 bpm and 1.3+0.2 s respectively (p<0.01; n=10; Fig. 1 ). In these same WHBP, electrical stimulation of the left cornea (40 V, 0.5 ms, 16
Hz; 20 pulses in total) evoked a similar bradycardia and PNA response to that observed during mechanical noxious stimulation (-102+9 bpm and 1.1+0.2 s respectively; p<0.01; n=10; Fig. 1 ). With both types of stimuli, small increases in PP were evoked but not significant reflecting the low vascular resistance in the WHBP.
These data indicate that electrical stimulation of the cornea evokes a qualitatively similar pattern of cardiorespiratory reflex response to that observed with mechanical noxious stimulation. For this reason, we assumed that the response to electrical stimulation could be associated with corneal nociception and employed this method of stimulation during NTS single unit recording. In the latter studies, baseline cardiorespiratory variables were not different to those reported above. (Fig 2A; (ii) Convergence of ipsi-and contra-lateral corneal afferents to NTS: Despite our attempts, it was not possible to maintain a single unit NTS recording during mechanical prodding of the contralateral cornea. However, stimulation of the contralateral cornea using blunt forceps was effective and produced far less mechanical disturbance. 36 of the 51 neurones orthodromically excited by electrical stimulation of the ipsilateral cornea (see above) were tested. Of these 36 neurones 26 were also excited by mechanical stimulation of the contralateral cornea; the remainder did not respond. In addition, of the 39 neurones that decreased their ongoing firing during electrical stimulation of the ipsilateral cornea (see above) 23 were tested of which 16 neurones were also depressed by mechanical activation of the contralateral cornea. The remainder (7) failed to respond. These results indicate a high correlation (~70%) in the pattern of response during electrical and mechanical stimulation and a high degree of convergence from ipsi-and contralateral corneal nociceptors to NTS neurones (Fig. 2) . In contrast, the ongoing activity of 14 neurones was decreased from 3.2+0.5 to 1.5+0.3 Hz (p<0.05). The remainder failed to respond (control activity: 2.2+0.7 versus 2.3+0.7 Hz during corneal stimulation; n=18, p=0.9).
Corneal Receptor Activation of NTS Neurones
(ii) Peripheral Chemoreceptors: NTS neurones were characterised as chemoreceptive if they responded to aortic injection of CN (see Methods). All NTS chemoreceptive neurones tested displayed ongoing activity (1.9+0.6 Hz; n=53), which was not correlated with the central inspiratory activity recorded from the phrenic nerve. After CN injection the ongoing activity increased to 9.1+1.6 Hz (p<0.01; Fig. 5B ). The following responses in chemoreceptive neurones were observed during electrical stimulation of the ipsilateral cornea: (i) an increase in activity (from 2.8+0.4 to 5.4+0.4 Hz; n=25, p<0.01); (ii) a decrease in ongoing activity from 3.6+0.4 to 2.0+0.4 Hz (n=10, p<0.05) and, (iii) no effect (i.e. control 2.8+0.5 versus 3.1+0.5 Hz; n=18, p=0.7). 
Inhibitory Effect of Corneal Stimulation on Convergent Excitatory Synaptic Inputs from Cardiorespiratory Receptors to NTS Neurones
Consideration of Methods Employed
Modality of Corneal Afferents Stimulated
In the present study, we stimulated the cornea mechanically and electrically. Our electrical stimulation parameters were suitable to include activation of both Aδ and C fibres, which are present in the cornea and mediate nociceptive inputs (10;43). Both mechanical and electrical stimulation elicited a bradycardia and an increased expiratory interval. This pattern of response was similar to that previously reported by us during corneal stimulation with bradykinin and capsaicin (7) . Due to the similarity in the capsaicin/bradykinin induced cardiorespiratory reflex response with that evoked by both mechanical and electrical stimuli, we suggest that the latter results from activation of corneal afferents that include nociceptors.
The Working Heart-Brainstem Preparation (WHBP)
The WHBP is an un-anaesthetised decerebrate in situ preparation that offers some advantages over existing in vivo models to study cornea nociceptive pathways and their modulation of cardiovascular afferent integration in the brainstem of the rat (or mouse). Although descending influences from the mid-brain and higher centres are lost due to decerebration the basic sympathetic-parasympathetic modulations of the heart are well preserved. In addition, reflexes controlling the cardiorespiratory system in the WHBP are fully viable including those mediated via the trigeminal system (18). The absence of anaesthesia in the WHBP is a distinct advantage for studying cardiorespiratory reflexes since they are not only robust but can be stimulated repeatedly with controlled stimuli and persist for hours. The absence of inflating lungs and minimal pulsatility in the arterial system enhances mechanical stabilization of the brainstem to assist long term cellular recording of physiologically characterized neurones and neuropharmacological intervention. With this stability, simultaneous studies at the systemic and cellular level are possible. On the other hand, the WHBP is not without drawbacks including loss of the higher centres of the brain thereby over-simplifying the remaining circuitry. The lack of arterial pulsation may lead to a difference in the pattern of ongoing activity of NTS neurones and in their response to baroreceptor stimulation. Further the absence of adrenal glands and hypothalamus compromise the endocrine component of cardiovascular responses.
Pressure Ejection Technique
The single unit recording pressure ejection technique was used during this study in order to apply drugs to single NTS neurones. The technique proved to be effective but has its limitations. The volume ejected, dose and specific site of action remain unknown. With pressure ejection, the volume delivered is too small to be measured and depends on the applied pressure and resistance of the microelectrode. The pressure ejection used in this study either caused no effect or a transient, minimal change in the signal to noise ratio of spikes. In the latter cases the signal to noise ratio returned to control after drug delivery. This implies an absence or minimal mechanical disturbance to the neurone under study. Another potential problem is drug leakage. We used relatively high resistance electrodes to minimise this. Indeed, based on our findings leakage is unlikely or ineffective since cornea evoked inhibition of baro-and chemo-receptor synaptic excitatory responses were only prevented when bicuculline was ejected with positive pressure. Furthermore, this effect was completely reversible supporting an absence of significant leakage.
Corneal Evoked Cardiorespiratory Responses
The cardiorespiratory responses mediated via the trigeminal system such as those evoked during a diving response, facial noxious cooling and electrical stimulation of trigeminal nerves, or the trigeminal nucleus, all consist of a bradycardia and apnoea (25;39). This is comparable to that evoked from the cornea as described in the present study and is similar to the so called oculocardiac reflex or "OCR" observed during both ophthalmic surgery (5;12;14;23;32) and ophthalmic subconjunctival injections in conscious humans (23).
In contrast to the present study, Bereiter (4) 
Patterns of Convergence of Corneal and Cardiorespiratory Afferents in the NTS
The NTS plays a pivotal role in cardiovascular homeostasis. Two homeostatic reflexes mediated through the NTS originate from baroreceptors and peripheral chemoreceptors. When stimulated both receptors evoke a reflex bradycardia (42). This is similar to that evoked from the cornea. In the present study we described that many corneal-receptive NTS neurones received convergent excitatory input from baroreceptors (~29%) and peripheral chemoreceptors (~47%). Based on the possibility that NTS neurones may be organised in respect to their output targets, this excitatory convergence may be to a sub-population of NTS neurones projecting to cardiac vagal motoneurones. This is supported by our previous finding that the reflex bradycardia produced by baro-, chemo-and corneal receptors was attenuated by inactivating the same region of the NTS (7).
In addition to excitatory convergence many NTS neurones were depressed by stimulating the cornea. In some of these cells the convergent excitatory synaptic response evoked by baroreceptor and peripheral chemoreceptor stimulation was attenuated during concomitant activation of corneal nociceptors. We showed that this depression was mediated by an inhibitory GABA A ergic mechanism.
The question remains as to the physiological significance of this interaction.
Hypothetical Explanation for Corneal Induced Depression of Baro-& Chemo-receptor Evoked
Synaptic Responses in the NTS
It is possible that the corneal-induced reflex response takes precedence over homeostatic reflexes. In this case corneal afferents may need to suppress components of the baroreceptor and chemoreceptor reflexes at the level of the NTS. For example, corneal nociceptors may prevent the baroreceptor reflex mediated sympatho-inhibition thereby allowing manifestation of a pressor effect.
Likewise, the peripheral chemoreceptor mediated tachypnea may be prevented by corneal afferents allowing a reflex apnoea to be expressed. These theoretical interactions could explain the corneal afferent induced inhibition of the excitatory synaptic responses evoked by baro-or peripheral chemoreceptors. This type of interaction is similar to the inhibition of baroreceptor reflex evoked responses in NTS by somatic noxious stimulation of the limbs (6;29). Recently we showed that substance P appears to be a neurotransmitter released in the NTS following stimulation of forelimb 
Conclusion
The NTS may play an active role in the cardiorespiratory reflex response during activation of cornea nociceptors (7) . Furthermore, corneal sensory inputs converge with baroreceptor and peripheral chemoreceptor circuits within the NTS. Some of this convergence was antagonistic resulting in a corneal nociceptor mediated inhibition of signalling evoked by baroreceptor and chemoreceptor afferents. We show that the latter is caused by corneal receptor mediated activation of a GABA A ergic mechanism within the NTS. We propose that this interaction is essential for ensuring the expression of the corneal nociceptors reflex bradycardia, pressor response and respiratory depression even in the presence of high baro-or peripheral chemo-receptor afferent drive.
Legends
Fig. 1
Original recordings showing the increase in phrenic nerve activity cycle length, bradycardia and small rise in PP during electrical and mechanical noxious stimulation of the left and right cornea respectively in the same WHBP. Abbreviations: ò PNA, integrated phrenic nerve activity; HR, heart rate; PP, perfusion pressure. Abbreviations: ò PNA, integrated phrenic nerve activity; HR, heart rate; CR, mechanical stimulation of the cornea with blunt forceps. 
